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Real-time observation of hemodynamic changes in glomerular Blood flow in the microvasculature plays a pivotal role
aneurysms induced by anti–Thy-1 antibody. in determining the fate of injury and repair of inflamed
Background. Blood flow in the microvasculature plays a piv- tissue. Direct observation of the hemodynamic eventsotal role in determining the outcome of injury and repair in
occurring in the microcirculation under physiologicalinflamed tissue. Real-time observation of the kidney microvas-
conditions would allow us to deepen our understandingculature, including the glomerular capillary tufts, is extremely
difficult because of the methodological limitations of currently of the precise mechanisms by which inflammation occurs
available microscope optics. In the present study, we attempted in the microvasculature. Real-time observation of the
to analyze hemodynamic events that occurred in vivo during kidney microvasculature, including the glomerular capil-
microvascular regeneration following destruction of the glome-
lary tuft, however, is extremely difficult because of therular capillary tuft, functionally and quantitatively by the use of
methodological limitations of currently available micro-a real-time confocal laser-scanning microscope (CLSM) system.
Methods. A polyethylene catheter was inserted into the ca- scope optics. One strategy to observe the glomerular mi-
rotid artery to allow blood pressure measurement. Mesangio- crovasculature in the rat has been performed using hydro-
lytic lesions producing microaneurysms were induced by the nephrotic kidneys [1]. Although pathological changes in
injection of anti–Thy-1.1 antibody. On days 3 and 7 after anti- the blood vessels caused by this better procedure arebody injection, we examined hemodynamic changes under an
relatively minor, especially in rats, hydronephrosis is ac-intravital microscope equipped with real-time CLSM in combi-
companied by a marked decrease in kidney blood flownation with a high-speed CCD video camera. To measure vessel
diameter and erythrocyte velocity, rats were injected with fluo- [2–4]. To avoid nonphysiological effects of operative pro-
rescein isothiocyanate (FITC)-labeled dextran and FITC- cedures, we introduce an intravital real time confocal
labeled red blood cells (RBCs). laser-scanning microscope (CLSM) system, in combina-
Results. On day 3 of the disease, mean arterial blood pres-
tion with fluorescent tracer labeling. We report novelsure was 112 6 5 mm Hg, which was significantly higher than
findings during hemodynamic changes in the anti–Thy-1that of normal rat or of rats on day 7 (93 6 1 and 101 6 9
antibody-induced glomerular aneurysms by surveyingmm Hg, respectively). Within mircroaneurysms on day 3, RBC
velocity was greatly suppressed. By day 7, RBC velocity, in with this new equipment. Anti–Thy-1.1 nephritis is a good
glomeruli with normal appearances, recovered to about half model for analyzing the hemodynamic changes of glo-
of the level seen in normal controls (430.6 6 284.7 mm/sec), meruli during the course from destruction of microvascu-
while in narrowed glomerular tufts, it was still only 104.6 6
lature to resolution of glomerular architecture. The ap-35.1 mm/sec.
plication of CLSM enables the restitution of glomerularConclusions. The noninvasive procedure, using CLSM in
and periglomerular hemodynamics, following mesangialcombination with a high-speed video camera, allowed us to
examine hemodynamic events quantitatively and to analyze damage to be examined.
microvascular architecture three dimensionally in the kidney.
It is useful for estimating hemodynamic response and vascular
regeneration in vivo and may be promising for clinical applica- METHODS
tion. Animals
All experiments were performed using six- to seven-
Key words: confocal laser-scanning microscope, microvasculature, week-old female Munich-Wistar rats, purchased from Si-
blood flow, three-dimension measurement, angiogenesis. monsen Laboratories, Inc. (Day Road, Gilroy, CA, USA).
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was produced in mice by immunization with rat glomer- ments and into the femoral vein for administrating la-
beled plasma component and autologous red blood cellsuli, as described previously [5]. The mAb were produced
as ascitic fluid in mice primed with 2, 6, 10, 14-tetrameth- (RBCs). The left kidney was exposed by a flank and
muscle fascia incision. To analyze the microcirculationylpentadecane (Sigma, St., Louis, MO, USA). The ascitic
fluid was precipitated with 50% saturated ammonium from the surface of kidney, the kidney was placed under
the CLSM. The kidney was immersed in a bath of physio-sulfate, and the immunoglobulin-rich fraction was dia-
lyzed against phosphate-buffered saline (PBS) for two logical saline (Na1 154 mEq/L, Cl2 154 mEq/L) in which
the temperature was kept at 37 6 18C. After exposingdays.
the left kidney, the animals were allowed to equilibrate
Experimental design for 30 minutes before initiating experimental protocols.
Nine rats were divided into three groups: (1) three
Measurement of microhemodynamic parameters inrats were injected intravenously with 0.5 mg mAb 1-22-3
glomerular tuftsand sacrificed on day 3 after injection; (2) three rats were
injected intravenously with 0.5 mg mAb 1-22-3 and were Two series of experimental studies were performed to
visualize blood flow dynamics of kidneys and to measuresacrificed on day 7 after injection; and (3) three untreated
rats were used as normal controls. their microdynamic parameters. First, by labeling the
plasma component, the glomerular tufts were visualized
Light microscopic findings and mapped to obtain information on vascular architec-
ture and dimensions of microvessels. Second, in orderRats were sacrificed on days 3 and 7 after mAb 1-22-3
injection. For light microscopy, parts of the kidney were to measure the erythrocyte velocity, autologous RBCs
were labeled with fluorescein isothiocyanate (FITC).fixed with 10% neutral-buffered formalin and embedded
in paraffin, and sections (2 to 3 mm thick) were stained Measurement of vessel diameter. To measure vessel di-
ameter, enhancement of the contrast of microvessel im-with periodic acid-Schiff (PAS) and periodic acid methe-
namine silver (PAM). ages against a dark background was made by intravenous
injection (10 mg/mL, 2 mL/kg) of a solution of FITC-
Intravital observation of the renal microcirculation labeled dextran (FITC-Dx, molecular weight 150,000;
Sigma Chemical Co.) [6–8]. This fluorescent staining pro-Observations of microcirculation blood flow were made
with an intravital microscope system (Nikon, Tokyo, cedure produced bright fluorescent images of the vascular
lumen and enabled adequate mapping of the luminal di-Japan), equipped with a real-time confocal scanner unit
model CSU10 (Yokogawa Electric Corporation, Tokyo, ameter. Diameters of microvessels were measured with a
vernier caliper on individual frames of the video-recordedJapan) and image processing devices. As shown in
Figure 1, differing from conventional CLSM, the real- images. Wall shear rate acting on the luminal surface
due to the blood flow was calculated from the observedtime CLSM system used in this study, CSU10, has two
disks: microlens array and pinhole array. The pinhole values of vessel diameter and erythrocyte velocity for
each vessel, assuming a parabolic velocity profile.pattern of CSU10 is designed so that the excitation light
beams will uniformly scan a whole plane of the specimen. Erythrocyte velocity. To measure erythrocyte velocity,
a batch of erythrocytes labeled with FITC was injectedThe CSU10 unit is designed to attain a high signal to
noise ratio by minimizing the background light inside intravenously [6–8]. Briefly, washed erythrocytes ob-
tained from an experimental rat were incubated with athe scanner, thus making observation of weak fluorescent
specimens possible. Rotation speed of the scanner motor PBS (137 mmol/L NaCl, 6.4 mmol/L Na2HPO4, 2.7
mmol/L KCl, 1.5 mmol/L KH2PO4, pH 7.8) solution con-is 1800 r.p.m. The scanner actually captures 360 frames
of confocal images, which one can observe at the eye- taining 1 mg/mL FITC (ICN Pharmaceutical, Inc., Cleve-
land, OH, USA). The labeled cells were then washedpiece of the scanner, and sends 30 frames of confocal
images per second to an ICCD camera (Model C2400- twice with a saline solution containing 1% bovine serum
albumin (BSA; Sigma Chemical Co.) to remove unconju-89; Hamamatsu Photonics K.K., Shizuoka, Japan) to syn-
chronize with the scanning rate of the camera and be gated fluorescent dye. The final volume percentage of
the labeled cells was adjusted approximately to 50% byvideo recorded (Model SVO-9600; Sony, Tokyo, Japan)
for later analysis by using of a recording lens and salt adding an isotonic saline solution, and an aliquot of these
suspensions was injected (1 mL/kg) through the tail veinwater immersion objectives (Flour 10x/0.30 W, Flour
40x/0.80 W, Nikon). of the rat to measure centerline erythrocyte velocity.
The ratio of the labeled RBC in total RBC was aboutMunich Wistar rats were anesthetized by intraperito-
neal injection of thiobutabarbital sodium salt (100 mg/kg). 1% by a single calculation. From the video-recorded
images, erythrocyte velocity was calculated by frame-by-The body temperature of animals was kept 378C on a
heating pad. Polyethylene catheters (PE50) were in- frame analysis, and more than five different areas were
measured and averaged for at least five measurements.serted into the carotid artery for blood pressure measure-
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Fig. 1. Overview of the CSU10. A schema of the construction of our scanner (Model CSU10) is described in the Methods section. Abbreviations
are: ICCD, image-intensified charge-coupled device; VTR, videotape recorder; TV, television.
Table 1. Mean arterial pressureStatistical analysis
Control Day 3 Day 7All measured values are given as mean 6 SD. The
Mean arterial pressurenonparametric Mann–Whitney U test was used for com-
mm Hg 9361 11265a 10169parison of the measured values of erythrocyte velocities,
Values are mean 6 SD.since these parameters are known to have a distribution
aP , 0.005 versus control
that deviates considerably from the Gaussian. A P value
less than 0.05 was considered significant in all statistical
tests. uli with segmental microaneurysm-like ballooning of the
capillary loop (Fig. 2B), with mitotic figures, were often
observed in the endocapillary region. Seven days afterRESULTS
injection, microaneurysmal lesions represented by the
Arterial blood pressure ballooning feature were rarely found (Fig. 2C). There
Mean arterial pressure of the carotid artery in the was mesangial cell proliferation and mesangial matrix
control rats was 93 6 1 mm Hg. On day 3 after injection expansion in some parts of the glomeruli, but other areas
with 1-22-3 antibody, mean arterial pressure was 112 6 of the same glomeruli had a normal appearance.
5 mm Hg, which is significantly higher than that of control
Intravital observation of the renal microcirculation(P # 0.005). Arterial pressure appeared to decrease on
day 7 after an injection with 1-22-3 antibody to 101 6 9 The left kidneys of Munich-Wistar rats were observed
mm Hg (Table 1). by intravital microscopy. Figure 3, taken from still play-
back images, shows the image of a typical glomerulus in
Morphological studies a schematic representation in a control rat and rats on
Light microscopy. Figure 2A shows a glomerulus from days 3 and 7 of disease. The afferent and/or efferent
an age-matched normal rat. As reported previously arterioles within the glomerulus were identified by obser-
vation of the microvascular branch and the direction of[9–11], at day 3 after mAb 1-22-3 administration, glomer-
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Fig. 2. Light microscopic findings in glomeruli. (A) Control section from a normal rat. (B) Three days after the injection of anti–Thy-1.1 antibody.
A large capillary aneurysm like balloon is seen (asterisk). (C) Seven days after disease induction. Balloon features of microaneurysms are not yet
found. Mesangial matrix is increased segmentally (arrow; PAS, magnification 3400).
movement of labeled RBCs. Figure 3A shows the typical Seven days after injection, balloon features of microane-
features of a glomerulus from a control rat. The same urysms were not found. The contours of the glomerular
glomerulus as in Figure 3A was examined sequentially capillary walls were very irregular and jagged (Fig. 3C).
(Fig. 4 A to C). Branching capillaries joined a thicker These findings were reminiscent of the repair process of
vessel, judged to be an efferent arteriole, in which labeled glomerular capillaries within the expanded mesangial
erythrocytes moved toward the vascular pole (Fig. 4 A matrix, as shown in Figure 2C. RBC velocity in glomeru-
to C). RBC velocity within the glomerular tufts was lar capillaries with a normal appearance was 430.6 6
1029.4 6 155.6 mm/sec, while RBC velocity in the micro- 284.7 mm/sec. In contrast, glomerular tufts with irregular
vasculature around the Bowman’s capsule was 417.3 6 vascular lumen showed a RBC velocity of 104.6 6 35.1
89.0 mm/sec in the control rats (Table 2).
mm/sec, and in microvessels around the Bowman’s cap-
Three days after 1-22-3 mAb injection, some glomeruli
sule, it was 217.9 6 193.6 mm/sec (Fig. 4 G to I). Theshowed a single large microaneurysm that compressed
frequency of labeled RBC flowing per second in thecapillary tuft (Fig. 3B). We followed a series of move-
stenotic area was remarkably decreased.ments of RBC within the microaneurysm and in the
extraglomerular vessel (Fig. 4 D to F). As shown in
Table 2, RBCs within a microaneurysm moved extremely DISCUSSION
slowly [69.7 6 63.8 mm/sec, P # 0.05, vs. glomerular
In the present study, we demonstrated that real-timecapillaries with a normal appearance (Gn) of day 3].
imaging of the microvasculature and hemodynamicRBC velocity in the glomerular tufts that were com-
events in the kidney could be visualized and analyzedpressed by the microaneurysm was 130.2 6 123.7 mm/sec.
three dimensionally and quantitatively by the use of theRBC velocity in the microvessels around the Bowman’s
capsule was 200.0 6 188.0 mm/sec. CLSM in combination with a high-speed CCD video
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Fig. 3. Representative images of glomerular tufts obtained from rats in control groups and at days 3 and day 7 after anti–Thy-1.1 antibody
injection. To measure vessel diameter and erythrocyte velocity, rats were injected with FITC-labeled dextran and RBCs. (A) A typical feature of
glomerulus from a normal rat as a control. (B) A typical feature of a glomerulus, a large microaneurysm three days after injection. (C) At seven
days after injection, the contours of glomerular vascular walls are very irregular. Abbreviations are: EF, efferent arteriole; Gn, glomerular capillaries
with normal appearance; B, microvessels around Bowman’s capsule; M, microaneurysm; Gi, glomerular capillaries with irregular vascular lumens
(bars, 10 mm).
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Fig. 4. A series of images showing movement of red blood cells (RBCs) in glomerular microvasculature from control groups and at day 3 and
day 7 as in Figure 3. (A–C) Control group. The same glomerulus as shown in Figure 3A was examined sequentially. White arrows show flow of
RBC in the efferent arteriole. (D–F ) Experimental rats on day 3. Arrows indicate RBCs retardated within a microaneurysm, and white arrow
heads indicate RBCs in the microvessels around Bowman’s capsule. RBCs within microaneurysms moved very slowly. RBC velocity in the
glomerular tufts (Gn) that were compressed by microaneurysms was also reduced. The RBC velocity varied between microaneurysms (M; 69.7 6
63.8 mm/sec; Fig. 3B). (G–I ) Experimental rats on day 7. Arrowheads indicates RBCs in the glomerular tufts with normal appearance (Gn). RBC
velocity in the glomerular tufts with irregular vascular walls (Gi) was retarded. FITC-labeled dextran imaging showed irregular vascular walls
(bars, 10 mm).
camera. In a first study to analyze microvascular hemody- perimentally, the mechanisms of glomerular microaneur-
ysm formation have been extensively examined in thenamic action in the diseased state, we chose an experi-
mental model of glomerular microaneurysm in Munich Habu snake venom model [17–20] and the anti–Thy-1.1
model [21, 22]. Administration of anti–Thy-1.1 antibodyrats, induced by the injection of anti–Thy-1.1 antibody.
The advantage of using this particular rat strain is that induces mesangiolysis, resulting in ballooning of the glo-
merular capillaries. The destroyed capillary network ismany glomeruli are located directly under the vicinal
surface of the kidney cortex [12–14]. This easy access reconstructed with time, and most glomeruli return to an
almost normal condition. Therefore, this experimentalenabled us to perform extensive pharmacological and
physiological studies. model is very suitable for clarifying repair processes of
glomerular capillary architecture during angiogenesisGlomerular microaneurysm formation in humans has
been observed after poisoning with snake venoms, after [23, 24].
Real-time analysis of glomerular hemodynamics re-systemic hypertension, and in some types of glomerulo-
nephritides, including diabetic nephropathy [15, 16]. Ex- vealed that the blood flow was remarkably retarded
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Table 2. Red blood cell velocity (mm/sec) optical systems that have an excellent specificity and high
resolution is promising for clinical applications.Gn M Gi B
Control 1029.46155.6 417.3689.0
Day 3 130.26123.7a 69.7663.8b 200.06188.8d ACKNOWLEDGMENTS
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